The type III secretion apparatus (T3SA) is used by numerous Gram-negative pathogens to inject virulence factors into eukaryotic cells. The Shigella flexneri T3SA spans the bacterial envelope and its assembly requires the products of~20 mxi and spa genes. Despite progress made in understanding how the T3SA is assembled, the role of several predicted soluble components, such as Spa13, remains elusive. Here, we show that the secretion defect of the spa13 mutant is associated with lack of T3SA assembly which is partly due to the instability of the needle component MxiH. In contrast to its Yersinia counterpart, Spa13 is not a secreted protein. We identified a network of interactions between Spa13 and the ATPase Spa47, the C-ring protein Spa33, and the inner-membrane protein Spa40. Moreover, we revealed a Spa13 interaction with the inner-membrane MxiA and showed that overexpression of the large cytoplasmic domain of MxiA in the WT background shuts off secretion. Lastly, we demonstrated that Spa13 interacts with the cleaved form of Spa40 and with the translocator chaperone IpgC, suggesting that Spa13 intervenes during the secretion hierarchy switch process. Collectively, our results support a dual role of Spa13 as a chaperone escort and as an export gate-activator switch.
INTRODUCTION
Shigella is the causative agent of shigellosis in humans, causing 1.1 million deaths each year, particularly among children under 5 years old in developing countries (Kotloff et al., 1999) . During infection, Shigella and many other Gram-negative pathogenic bacteria use a type III secretion (T3S) system to promote invasion of animal, plant or symbiont cells by injecting virulence effectors into their cytoplasm (Galán & Wolf-Watz, 2006; Hueck, 1998; Schroeder & Hilbi, 2008) . Shigella uses the T3S apparatus (T3SA) to penetrate enterocytes and to disseminate into the colonic epithelium, which leads to a partial destruction of the mucosal lining and shigellosis symptoms. Most of the virulence factors of Shigella are encoded by a large virulence plasmid harbouring a 31 kb region that is sufficient to promote bacterial entry into host cells (Buchrieser et al., 2000) . The 'entry' region is organized in two loci, one encoding Mxi (membrane expression of Ipa antigen)-Spa (surface presentation of Ipa antigen) proteins that form the T3SA, whilst the other encodes its early substrates and their cognate chaperones. At 37 u C, the needle subunit MxiH and the predicted inner-rod component MxiI are secreted through the T3SA base. Upon its multimerization, MxiH forms a needle with a length regulated at 50 nm by the Spa32 protein (Magdalena et al., 2002) . Approximately 50 proteins contribute to the T3SS of Shigella, including four chaperones, three transcriptional activators, three translocators,~25 effectors and components of the Mxi-Spa T3SA (Parsot, 2009) . The T3SA consists of a cytoplasmic region called the 'C-ring', a basal body composed of a pair of rings spanning the bacterial envelope and a needle-like structure, protruding outside the bacterium, capped by a tip complex (Espina et al., 2006; Sani et al., 2007) .
The T3SA is evolutionarily and structurally related to the export machinery of the bacterial flagella (Cornelis, 2006; Kubori et al., 1998; Macnab, 1999; Minamino et al., 2008) . Indeed, the proximal portion of the Shigella T3SA assumes rotational symmetry and its constituents share significant homology with the flagellar basal body subunits, such as the inner-membrane proteins MxiA (FlhA), Spa9 (FliP), Spa24 (FliR), Spa29 (FliQ) and Spa40 (FlhB), and their associated cytoplasmic proteins Spa47 (FliI), MxiN (FliH) and Spa33 (FliN, FliM and FliG) (Abrusci et al., 2013; Aizawa, 2001; Blocker et al., 2003; Diepold et al., 2012; Macnab, 2004) . Although significant progress towards the understanding of the T3SA assembly has been made in the last decade, the function of several Mxi and Spa proteins that are predicted to be cytoplasmic remains unknown. Even though the T3SA components present in different bacteria share strong homologies, it is not the case for their respective chaperone proteins (Abrusci et al., 2013; Bennett & Hughes, 2000) . Virulence clusters in Shigella, Salmonella, Yersinia, Chlamydia, Pseudomonas aeruginosa and Escherichia coli (enteropathogenic or enterohaemorragic) share a poorly characterized gene situated between the genes encoding the export ATPase and the proteins controlling the hook or needle length (Collazo et al., 1995; Journet et al., 2003; Payne & Straley, 1998; Shibata et al., 2007) . Although these genes do not share significant sequence similarity with spa13, these members of the yscO-invI-fliJ family encode a protein of a similar size, with abundant charged residues and high predicted a-helical content . In a previous study, described a series of 10 adenosines within the spa13 sequence that are responsible for a transcriptional slippage mechanism. This slippage reduces the proportion of spa13 mRNA, which in turn regulates the production of the full-length Spa13. Interestingly, this slippage mechanism was also reported to regulate MxiE, MxiA and Spa33 production .
We have described previously several interactions among the Mxi and Spa proteins. We showed, for example, that the ATPase Spa47 interacts with MxiK, MxiN and Spa33 (Jouihri et al., 2003) , and more recently with the gatekeeper MxiC and the translocators chaperone IpgC (Cherradi et al., 2013) . In addition, we reported numerous interactions involving the large C-terminal cytoplasmic domain of Spa40 (Spa40 C ) with the needle length regulator Spa32, and with several Mxi and Spa proteins (Botteaux et al., 2008 (Botteaux et al., , 2010 . Despite the identification of key interactions within the T3SA, and although Spa13 is essential to its assembly, little is known about the role of Spa13 in this apparatus (Collazo et al., 1995; Payne & Straley, 1998; Sasakawa et al., 1993) . The identification of Spa13-interacting partners will contribute significantly to a better understanding of the events supporting the T3S pathway. Our results show that Spa13 interacts with the cytosolic components Spa47 and Spa33, and the translocon chaperone IpgC and the cytoplasmic C-termini of two inner-membrane proteins, MxiA (MxiA C ) and Spa40 (Spa40C). The significance of these interactions is discussed in light of the T3SA.
METHODS
Strains and bacterial growth conditions. The list of E. coli and Shigella flexneri strains used in this study is shown in Table S1 (available in Microbiology Online). E. coli strain DH5lpir was used for derivatives of the suicide vector pGP704 (Miller & Mekalanos, 1988) and SM10lpir was used to transfer derivatives of pGP704 to S. flexneri. Shigella were phenotypically selected on Congo red (CR) agar plates (Meitert et al., 1991) and grown in trypticase soy broth (VWR) with the appropriate antibiotics at the following concentrations: zeocin 50 mg ml 21 , kanamycin 50 mg ml
21
, streptomycin 100 mg ml 21 and ampicillin 100 mg ml 21 .
Construction of the spa13 null strain. For the construction of a non-polar mutant of the spa13 gene, a ble cassette was used (Botteaux et al., 2009) . The non-polar mutant was constructed by replacing the spa13 gene by the EcoRI-digested ble cassette which confers resistance to zeocin. The pHA22 plasmid, bearing the inactivated spa13 gene and its flanking regions, is a derivative of the suicide vector pGP704. The latter was transferred to S. flexneri M90T-Sm by conjugal mating. Transconjugants were selected on plates containing streptomycin and zeocin and clones in which a double recombinational event had exchanged the WT spa13 gene for its inactivated copy were identified by screening for sensitivity to ampicillin. The structure of pWR100 derivatives carrying the spa13 mutation was confirmed by PCR and the resulting strains were designated SBH43 (spa13).
Construction of plasmids. Plasmids and primers used in this study are listed in Tables S1 and S2, respectively. Plasmids pHA1 and pC76 (pQE60-lacI-spa13-His) were used to complement the spa13 mutant. Recombinant [Glutathione S-transferase (GST) or His] proteins, used in the interaction assays, were produced from plasmids listed in Table S1 . Plasmids expressing GST fused to Spa13, Spa13
L51A
, Spa13 L55A and Spa32 were constructed by inserting PCR-digested DNA fragments into the pGEX4T1 expression vector. Plasmids expressing N-terminal His 6 fused to Spa13, Spa32 and MxiA C were constructed by inserting PCR-digested DNA fragments into the pET30 vector expressing His 6 recombinant proteins, whilst plasmids encoding His 6 fused to His-IpgC, Spa40 C or MxiA C and Spa33 were constructed by ligation of PCR-digested DNA fragments into, respectively, pQE30, pBAD/HisA and pBAD/ Myc-HisA vectors.
Directed mutagenesis was carried out according to the procedure of the Quick Change Mutagenesis kit (Stratagene). The use of each primer pair in PCR creates a restriction site to confirm the introduced mutation (Table S2) . Mutations L51A and L55A of Spa13 were carried out on plasmids pC76 (pQE60-lacI-spa13-His) and pKC82 (pGEX4T1-spa13). The resulting plasmids were named pYC182 (pQE60-lacI-spa13 L51A -His), pYC183 (pQE60-lacI-spa13 L55A -His), pYC184 (pGEX4T1-spa13
) and pYC185 (pGEX4T1-spa13 L55A ).
Production of recombinant proteins and GST pull-down assay.
E. coli BL21 (DE3 Rosetta) were transformed with pGEX4T1 plasmid encoding GST alone or its derivatives encoding GST fusion proteins and grown in 100 ml LB medium to OD 600~0 .7 at 37 uC. Protein expression was induced with 0.1 mM IPTG for 3 h at 37 uC. Cells were harvested, resuspended in PBS lysis buffer and then lysed by sonication. A final concentration of 1 % Triton X-100 was added to the lysate followed by incubation on ice for 20 min. The lysates were then clarified by centrifugation and the supernatants mixed with GlutathioneSepharose 4B matrix beads (GE Healthcare) equilibrated previously with PBS buffer. The mixtures were incubated overnight at 4 uC in a rotor shaker with bacterial lysates producing His or recombinant proteins. Beads were washed eight times and proteins eluted by incubating beads for 10 min with elution buffer [40 mM Tris (pH 8.0), 500 mM NaCl and 50 mM reduced glutathione]. The eluted proteins were resolved by SDS-PAGE and analysed by Western blotting.
Protein analysis. Crude extracts and culture supernatants of S. flexneri strains were prepared and analysed as described previously (Allaoui et al., 1992; Magdalena et al., 2002) . For the induction with CR, bacteria were grown until OD 600 reached 2 units, harvested by centrifugation, resuspended in PBS containing 200 mg CR ml 21 , and incubated for 30 min at 37 uC. Bacteria were centrifuged at 13 000 g for 15 min at 4 uC and proteins present in the supernatant were analysed by SDS-PAGE. Western blotting experiments were performed using PVDF membranes (Roche) and developed using chemiluminescence (Perkin Elmer). Immunodetection was carried out as described by Botteaux et al. (2009) using a mAb directed against the His 6 motif, IpaB and IpaC, and a polyclonal antibody against the GST protein.
RESULTS

Spa13 is required for T3S and is not secreted
The spa13 gene encodes a 149-amino-acid hydrophilic protein required for protein secretion via the T3SA by a mechanism that remains unknown . Spa13 and its homologues FliJ and InvI from Salmonella, and YcsO from Yersinia, share common features. These include a molecular mass of~17 kDa, a mean of 35 % charged residues (Asp, Glu, Arg, Lys) over their sequence, a basic pI (9.88) and a predicted a-helical domain. Indeed, a region encompassing residues 89-117 presents a high propensity (78 %) to form a coiled-coil structure ( The non-polar deletion of spa13 impaired severely the secretion of substrates, including the translocon components IpaB and IpaC, and the effector proteins (IpaA and IpgD). The lack of IpaB and IpaA secretion was not associated with the absence of their production (Fig. 1b) . The WT secretion level was recovered upon complementation with plasmid pC76 producing Spa13-His, even in the absence of IPTG induction, suggesting that a small number of molecules is sufficient to restore the secretion (Fig. 1a, c ). This result is in agreement with the phenotypes observed with the fliJ mutant, which is unable to export rod/hook-type and filament substrates , the Salmonella invI mutant, which is impaired for host cell invasion (Collazo et al., 1995) , and the Yersinia yscO mutant, which is deficient in Yop secretion (Payne & Straley, 1998) .
As YscO was reported to be a T3S substrate of Yersinia (Payne & Straley, 1998 , 1999 , we assessed whether Spa13-His could be secreted under either CR-induced or constitutive secretion conditions. Western blot analysis revealed that Spa13-His, although produced, was undetectable in both supernatant fractions (Fig. 1d, e ). This result is in agreement with the behaviours of Salmonella FliJ, Chlamydia trachomatis homologue CT670 (renamed CdsO) and CPn706 from Chlamydophila pneumoniae (Herrmann et al., 2006; Samudrala et al., 2009) . Thus, our result suggests that Spa13 exerts its function from inside the bacterium.
Spa13 interacts with the translocon chaperone IpgC and the ATPase Spa47
Previous work reported that YscO and InvI proteins bind to the translocator chaperones SycD and SicA, respectively, and act as chaperone escorts (Evans & Hughes, 2009 ). To establish if Spa13 could have a similar role, we investigated whether it could directly interact with the translocon chaperone IpgC, which is the Shigella counterpart of SycD and SicA. We constructed two plasmids encoding GSTSpa13 and His-IpgC, and performed a GST pull-down assay (see Methods). Soluble bacterial lysates containing His-IpgC were incubated with Glutathione-Sepharose beads pre-coated with either GST-Spa13 (45 kDa) or GST alone (28 kDa). The eluted fractions analysis by SDS-PAGE showed an interaction between IpgC and GSTSpa13, but not with the GST alone (Fig. 2a) .
The strong structural similarities of FliJ with the c-subunit of F 0 F 1 -ATP synthase and of FliI with the a/b-subunits of the same synthase suggest that FliJ and FliI might form a complex similar to the F 1 -ATP synthase. FliJ has also been shown to promote the formation of FliI ATPase hexamer rings by binding to the centre of the ring (Ibuki et al., 2011) . Moreover, other Spa13 homologues have been reported to interact with T3S ATPases Stone et al., 2008) . We therefore investigated whether Spa13 could also bind the ATPase Spa47. Following immobilization on glutathione-Sepharose beads, GSTSpa13 was incubated with a lysate of E. coli producing His-Spa47. We found that Spa47 interacts with GST-Spa13, but not with the GST alone (Fig. 2b ).
Spa13 interacts with the cleaved form of Spa40, but not with the needle length control protein Spa32
In flagella as well as in the T3SA, the switch in substrate specificity leading to the growth arrest of the hook/needle also determines its length. This mechanism is controlled by two families of protein: FliK/YscP and FlhB/YscU (Erhardt et al., 2011; Wagner et al., 2010) . Spa13 counterparts, YscO (Yersinia), and CdsO and Cpn0607 (Chlamydia), were reported to interact with the molecular rulers YscP and CdsP, respectively, and have been considered to constitute a chaperone-effector pair (Lorenzini et al., 2010; . These observations would suggest that Spa13, by interacting with Spa32 (YscP), contributes also to its secretion during needle complex assembly. Additionally, homologues of Spa13 and Spa40 proteins in the flagellar system (FliJ and FlhB) and in Yersinia (YscO and YscU) were reported to be interacting partners, suggesting a potential role of Spa13 in the secretion switch from needle components to translocators . Subsequently, we performed a GST pull-down assay using GST-Spa13, His-Spa32 and HisSpa40 C recombinant proteins, and observed that GSTSpa13 interacts with His-Spa40 C , whereas no interaction was detected with His-Spa32 (Fig. 3a, b) . These results were confirmed by using a reversed setup, using GST-Spa32, GST-Spa40 C and His-Spa13 constructs (Fig. 3c) .
As for FlhB, the cleavage of Spa40 at the NPTH motif is required for the T3SA assembly (Botteaux et al., 2010) . To verify whether the cleavage of Spa40 is required for its interaction with Spa13, we performed a GST pull-down assay using GST-Spa40 C and the uncleaved form GSTSpa40 C DNPTH. In contrast to GST-Spa40 C , the unprocessed form (although well produced) failed to interact with His-Spa13, which supports a role for Spa13 in the T3SA assembly (Fig. 3d) .
Truncated MxiA overproduction blocks the secretion in a WT background by non-productive interaction with T3S partners including Spa13
The protein complex formed by FliH 2 -FliI-FliJ is thought to bring substrates to the export gate upon binding to the cytoplasmic region of the FlhA-FlhB platform (Fraser et al., 2003; . Indeed, in the presence His-Spa47, and eluted fractions (EF) were separated on SDS-PAGE and further analysed by immunoblotting using the anti-GST (top panels) and anti-His (bottom panels) antibodies. These experiments were repeated at least three times. MW, Molecular mass.
of FliH and FliI, FliJ binds specifically to FlhA to fully activate the protein export process . We addressed the role of Spa13 in Shigella in this context. We performed a GST pull-down assay following the immobilization of GST-Spa13 on glutathione-Sepharose beads and incubation with E. coli lysate producing HisMxiA C . We found that MxiA C interacts specifically with GST-Spa13, but not with GST alone (Fig. 4a) .
To gain further insights into the role played by MxiA C in secretion, we performed MxiA C co-purification experiments in the Shigella background to confirm the interaction with Spa13 and also to identify additional MxiA binding partners. To do this, we constructed plasmid pHA42, allowing the expression of mxiA C under the control of a pBAD promoter. Recombinant MxiA C -His was produced in the WT Shigella strain using a concentration gradient of arabinose up to 1 %. The ability of the WT strain to fix CR dye, and the subsequent red staining of colonies growing on a CR agar plate, is a clear indication of the T3SA functionality and particularly of the secretion of Ipa proteins. Interestingly, upon arabinose induction, the production of recombinant MxiA C -His impaired CR fixation by the WT strain, which remained white on CR agar plates, suggesting that overproduction of MxiA C may affect protein secretion via the T3SA (data not shown). To confirm this hypothesis, proteins secreted upon CR induction were separated by SDS-PAGE and stained with . Spa13 interacts with the cleaved forms of Spa40 C , but not with Spa32. GST-Spa13 or GST alone bound to glutathione-Sepharose beads was incubated with E. coli soluble cell extracts (SCE) producing (a) His-Spa32 or (b) HisSpa40 C , and eluted fractions (EF) were separated by SDS-PAGE and stained with Coomassie blue or analysed by immunoblotting using an anti-His antibody. (c) Soluble cell extracts of E. coli producing His-Spa13 were incubated with GSTSpa32, GST-Spa40 C or GST alone bound to glutathione-Sepharose beads. (d) Soluble cell extracts of E. coli producing HisSpa13 were incubated with GST-Spa40 C , GST-Spa40 C DNPTH or GST bound to glutathione-Sepharose beads. In both (c) and (d), eluted fractions were analysed as described in (a). The binding assays were repeated at least three times. MW, Molecular mass.
Coomassie blue, whilst production of MxiA C was assessed by Western blot analysis (Fig. 4b, c) . As little as 0.05 % of arabinose was sufficient to produce detectable levels of MxiA C and to block the CR-induced secretion, suggesting that MxiA C overproduction interferes with the secretion process by titrating components of the T3SA (Fig. 4b, c) .
Unlike the FliJ flagellar counterpart, mutation of residues L51 or L55 does not affect Spa13 function
Following a genetic screen aiming to identify the FliJ region interacting with FlhA, Ibuki et al. (2013) reported two mutations on residues F72 and L76 of FliJ that impaired significantly the interaction with FlhA. They also showed that these mutations were tolerated in the presence of FliH and FliI, but affected considerably the bacterial motility in their absence. To test if the mutation of L51 or L55, the corresponding key residues of FliJ in Spa13 (Fig. 5a ), could affect protein secretion, we generated alanine substitutions L51A and L55A on plasmid pC76 (Spa13-His) (see Methods). Expression of these variants in the spa13 mutant fully restored the parental secretion profile (Fig. 5b, c) .
Furthermore, we assessed the impact of these two mutations on MxiA C binding. We used the his-mxiA C construct, generated two plasmids producing the variants GST-Spa13 L51A and GST-Spa13 L55A , and performed a GST pull-down assay. In contrast to that observed in the bacterial flagellar type III export apparatus (Ibuki et al., 2013) , His-MxiA C was similarly co-eluted with both WT and mutated GST-Spa13 proteins (Fig. 5d ).
Spa13 interacts with the C-ring component Spa33
Gonzá lez-Pedrajo et al. (2006) showed that one of the flagellar C-ring components, FliM, interacts with FliJ. As for Yersinia YscQ and Salmonella SpaO proteins, Shigella encodes a single protein, Spa33, in place of FliM, FliN and FliG. Previous work showed that Shigella Spa33 is an essential component of the C-ring compartment that mediates the transit of various T3SA components. Electron microscopic analysis and pulldown assay positioned Spa33 at the base of the T3SA via its interaction with MxiG and MxiJ (basal body components) (Morita-Ishihara et al., 2006) . In addition, Spa33 was also reported to interact with the proteins Spa47, MxiK and MxiN (Jouihri et al., 2003; MoritaIshihara et al., 2006) . In light of these observations, we investigated whether Spa13 could also interact with Spa33. After immobilization on glutathione-Sepharose beads, GST or GST-Spa13 was incubated with E. coli lysate producing Spa33-His. We found that Spa33-His interacts with GST-Spa13, but not with GST alone (Fig. 6a) .
Spa13 is required for the stability of the needle component MxiH
We reported previously the instability of MxiH in needleless mutants such as spa47, spa40 and mxiA (Jouihri et al., 2003; Botteaux et al., 2010) . Since we have shown in this work that Spa13 is able to interact with components required for needle assembly (such as Spa47, MxiA and Spa40), we monitored MxiH production in a spa13 coli producing His-MxiA C were incubated with GST-Spa13 or GST alone bound to glutathione-Sepharose beads and eluted fractions (EF) were analysed as described in Fig. 2 . (b) CR-induced (+CR) proteins of supernatants of WT (M90T-Sm) either alone or expressing pBAD-mxiA C /Myc-HisA using gradual arabinose induction ranging from 0 to 1 %, were analysed by SDS-PAGE and stained with Coomassie blue (c) or by immunoblot analysis using the anti-His antibody on the bacterial whole-cell extracts (WCE). Proteins analysis and GST pull-down experiments were performed at least three times. MW, Molecular mass.
background. As shown in Fig. 6(b) , and compared to the WT and complemented spa13-/Spa13 strains, MxiH was not detected in cell extracts of spa13. The instability of MxiH is similar to that observed in the mxiD secretion mutant (Blocker et al., 2001) . The absence of Spa13 did not impact the stability of the translocators IpaB and IpaC (Fig. 6b) . Collectively, our results confirm the existence of a negative feedback inhibition mechanism that controls MxiH stability in the absence of needle complex formation. (a) Soluble cell extracts (SCE) of E. coli producing Spa33-His were incubated with GST-Spa13 or GST alone bound to glutathione-Sepharose and eluted fractions (EF) were analysed as described in Fig. 2 . The binding assays were repeated at least three times. (b) MxiH is not stable in the spa13 mutant. Cultures of strains M90T-Sm (WT), mxiD (T3S-deficient mutant), spa13 and spa13/Spa13 (pHA1) were harvested in the exponential phase of growth, and proteins of the whole-cell extracts (WCE) were analysed by SDS-PAGE and immunoblotting using antiMxiH polyclonal antibodies and mAbs against IpaB and IpaC. MW, Molecular mass.
DISCUSSION
Although it has been described and often replaced hypothetically within T3S models, little is known about the role of Spa13 in the T3SA of Shigella. The interaction network presented in this work offers more insight about the role of Spa13 in the T3S process. The molecular characteristics of Spa13 are quite similar to those of its homologues, including the high probability of an a-helical coiled-coil structure. This suggests that Spa13 is likely to engage an amphipathic helical interaction, either with itself to form a homodimer or to serve as a binding platform for other T3S partners. Analysis of protein-protein interaction provides valuable information regarding the potential functions of interacting partners. Here, in an attempt to understand the role of Spa13 in the secretion process, we identified some of its interacting partners among major T3S components, including Spa47, Spa33, Spa40 and MxiA as well as the translocator chaperone IpgC. In addition, we report that the spa13 mutant is unable to produce a stable needle component MxiH, indicating that Spa13 acts at an early stage of needle complex assembly. Comparatively, this phenotype is similar to previously reported observations for several needle-less mutants such as spa40, spa47, mxiA, mxiN, mxiK, mxiI, mxiD, mxiJ and mxiG (Jouihri et al., 2003; Botteaux et al., 2010; our unpublished data) . Consequently, through its various interactions, Spa13 plays a crucial role in the needle assembly process. 
Role of Spa13 in the T3SS of Shigella
In Yersinia, YscO has been shown previously to interact with the molecular ruler protein YscP, the ATPase YscN and the inner-membrane protein YscU, indicating that these proteins function together to facilitate Yop secretion (Payne & Straley, 1998 , 1999 . Here, we demonstrate that Spa13 interacts with both Spa40 C (YscU C ) and the ATPase Spa47 (YscN), but not with Spa32 (YscP). Very recently, it was shown that YscO interaction with YscP involves the T3S substrate specificity switch (T3S4) domain of YscP, which is also conserved in Spa32 (Mukerjea & Ghosh, 2013; Botteaux et al., 2008) . Whilst most of the components of the T3SA share a high level of homology, Spa13 and Spa32 present a low level of sequence similarity with YscO and YscP, suggesting a Yersiniaspecific function for the YscO-YscP complex (Bergman et al., 1994; Payne & Straley, 1999) . As YscO has been copurified with blocked export machinery complexes containing the ATPase YscN and FliJ increases ATP hydrolysis of the membraneassociated export ATPase FliI, the identified Spa13-Spa47 interaction suggests a similar function for this complex. Whether Spa13 positively affects or not Spa47 oligomerization and/or activity remains to be addressed. In parallel, Spa13 localization should also be determined, as both FliJ and FliI have an intrinsic membrane affinity (Auvray et al., 2002; Evans et al., 2006) .
As has been reported for FliJ, Spa13 is not a secreted protein, which contrasts with YscO secretion by the Ysc T3SA (Payne & Straley, 1998 , 1999 . Therefore, this result rather supports a role of Spa13 as a cytoplasmic T3S-interacting module. Indeed, FliJ was reported to act as a chaperone escort protein in the flagellar system (Evans et al., 2006) , a role that was also assigned to YscO (Yersinia) and InvI (Salmonella) which bind the translocon chaperones SycD and SicA, respectively (Evans & Hughes, 2009) . The identified interaction between Spa13 and IpgC suggests that Spa13 also acts as an escort for IpgC both in its free state and probably when associated with its cognate substrate IpaB and/or IpaC (Fig. 7) . Given that the gatekeeper MxiC interacts with IpgC to promote translocator secretion (Cherradi et al., 2013) , we propose that Spa13 takes part in this control mechanism, provided that the T3SA is assembled correctly (Fig. 7) . Indeed, in the latter process, Spa32 was shown to interact with the cleaved form of Spa40, which also interacts with MxiA, MxiN, Spa47, Spa33 and MxiK. Here, we demonstrated that Spa13 does not bind the unprocessed form of Spa40, as reported previously for Spa47 and Spa33 (Botteaux et al., 2010) , suggesting an active role of Spa13 during the T3SA assembly process.
In the Salmonella flagellar system, FliJ interacts with the FliH 2 -FliI complex, and with the large cytoplasmic domain of the export gate proteins FlhA C (MxiA C homologue) and FlhB C (Spa40 C homologue). The FliH-FliI-FliJ complex is thought to bring substrates to the export gate upon binding to the cytoplasmic region of the FlhA-FlhB docking platform (Fraser et al., 2003; . FliJ interacts with one of the C-ring components, FliM (Spa33), to empty subunit chaperones such as FliT and FlgN (Evans et al., 2006; Imada et al., 2010) . Finally, the interaction described between chaperone-substrate complexes and FlhA C is potentiated by FliJ. This demonstrates that FliJ promotes the export of substrates upon their delivery to the T3SA entry gate (Saijo-Hamano et al., 2010) . In light of these data, FliJ is implicated markedly in the export process through dynamic interactions with its binding partners. Whether such a mechanism also occurs in related T3SA-secreting virulence effectors is not obvious. Our data presented in this work show that several of the described flagellar interactions also take place in the Shigella context, such as those involving MxiA C , Spa40 C , Spa33, Spa47 and IpgC. In addition, interactions detected previously between MxiN (FliH) and either Spa33 or Spa47 support fully our current observations (Jouihri et al., 2003) . The kinetics of these interactions during the secretion process remain to be investigated.
The recently solved structure of MxiA offered new leads about its function in the T3SA, but also offered new perspectives regarding the interaction network supporting the dynamics of the apparatus (Abrusci et al., 2013) . We demonstrated in this work that overexpression of the soluble domain of MxiA (MxiA C ) impairs T3SA activity, which is likely due to an unproductive titration of T3S soluble components, including Spa13. Comparatively, earlier data reported that individual overexpression of Spa32 or Spa33 in WT Shigella blocks Ipa protein secretion; however, their simultaneous co-overexpression restores the parental secretion pattern (Schuch & Maurelli, 2001 ). Likewise, overproduction of YscP in the WT Yersinia background blocked secretion, whilst co-overexpression of both YscP and YscO had no effect on secretion (Payne & Straley, 1998 , 1999 . Thus, it appears attractive to identify point mutations within spa13 that could reduce Spa13 interaction with MxiA C . In this context, we showed here that in contrast to mutations F72A and L76A of FliJ, which impair its binding to FlhA and Salmonella motility (Ibuki et al., 2013) , substitution of the corresponding residues of Spa13, L51 and L55, by alanine does not impair secretion or MxiA binding. This result indicates that although similar, FliJ and Spa13 exhibit specific and distinct interactions within their corresponding secretory apparatus. Accordingly, the amount of some soluble T3S component seems critical for a functional T3SA. In line with this hypothesis, we showed that WT secretion is restored in the spa13 mutant even in the absence of a detectable level of Spa13-His in the bacterial lysate, suggesting that a limited number of Spa13 molecules are sufficient to ensure its function in T3S. Given that overexpression of MxiA C blocked CR-induced secretion, and that Spa13, Spa33 and MxiA levels are controlled by the same slippage regulatory mechanism, one could speculate that a functional T3SA is orchestrated by a subset of molecules present in a relatively low abundance compared with other components of the machinery.
In light of our results, and in perspective of the literature, we propose a new T3SA model focused on the role of Spa13 as a chaperone escort to IpgC and also as an export gate activator (Fig. 7) . Spa13 interacts with the following components of the T3SA: the ATPase Spa47, the C-terminal domains of inner-membrane proteins MxiA and Spa40, and Spa33 which forms the C-ring. Upon assembly of the needle, a free pool of Spa13 is available to interact with the chaperone IpgC coupled to its cognate partners, the translocators IpaB and IpaC. Spa13 would then direct them towards the ATPase Spa47. At this stage, Spa47 would promote the dissociation of the chaperone-translocator complex, thus facilitating the engagement of partially folded translocators inside the entry gate cage composed by nonameric MxiA C where Spa13 may act as an export gate-activator switch. Once the machinery is completed, free IpgC could be recycled by Spa13 to ensure the provision of new translocator molecules at the export platform, but is also available to engage with the transcriptional activator MxiE, and will ultimately lead to the expression of late-effector genes.
In conclusion, we report here an interaction network around the poorly studied T3S component Spa13 and provide new insights into its function. In light of its predicted a-helical coiled-coil structure, further studies should investigate the potential oligomeric state of Spa13.
Resolving the structure of Spa13 should help understand how it operates as an escort chaperone and as an export gate-activator switch. Finally, the interaction identified between Spa13 and Spa47 should be taken into account to resolve the crystal structure of the Spa13-Spa47 complex, which will help us to understand the roles of Spa13 in the dynamics of the secretion process.
